Subramanian VS, Reidling JC, Said HM. Differentiationdependent regulation of the intestinal folate uptake process: studies with Caco-2 cells and native mouse intestine. Am J Physiol Cell Physiol 295: C828 -C835, 2008. First published July 23, 2008 doi:10.1152/ajpcell.00249.2008.-Differentiation of intestinal epithelial cells is accompanied by alterations in levels of expression of many genes, including those involved in nutrient uptake. Effects of differentiation of intestinal epithelial cells on the physiological and molecular parameters of the intestinal folate uptake process are not well characterized. To address this issue, we used two models, Caco-2 cells and native mouse intestine. Studies with Caco-2 cells showed a significant increase in the initial rate of carrier-mediated folic acid uptake during differentiation (i.e., as the cells transitioned from preconfluent to confluent and then to postconfluent stages). This increase was associated with an increase in the level of expression of the human reduced folate carrier (hRFC) and the human protoncoupled folate transporter (hPCFT) both at the protein and mRNA levels with differentiation; it was also associated with a significant increase in activity of the hRFC and hPCFT promoters. Studies with native mouse intestine showed a significantly higher folate uptake in villus compared with crypt cells, which was again associated with a significantly higher level of expression of the mouse RFC and PCFT at the protein and mRNA levels. Together, these studies demonstrate that the intestinal folate uptake process undergoes differentiationdependent regulation and that this regulation is mediated via changes in the level of expression of both the RFC and PCFT. In addition, the studies suggest the possible involvement (at least in part) of a transcriptional mechanism(s) in this type of regulation of the intestinal folate uptake process. transport; epithelial transport; reduced folate carrier; proton-coupled folate transporter FOLATE IS ESSENTIAL FOR NORMAL cellular proliferation, growth, and functions. The coenzyme derivatives of folic acid are required for the synthesis of precursors of DNA and RNA and the metabolism of several amino acids including homocysteine (6, 21, 26, 42 ). An adequate supply of folate is therefore necessary for normal human health and well-being. This is demonstrated by the variety of clinical abnormalities that result from folate deficiency (e.g., megaloblastic anemia, growth retardation, and neurological disorders) (7, 15, 17, 26) and by the health benefits attained by optimizing folate body homeostasis [e.g
transport; epithelial transport; reduced folate carrier; proton-coupled folate transporter FOLATE IS ESSENTIAL FOR NORMAL cellular proliferation, growth, and functions. The coenzyme derivatives of folic acid are required for the synthesis of precursors of DNA and RNA and the metabolism of several amino acids including homocysteine (6, 21, 26, 42 ). An adequate supply of folate is therefore necessary for normal human health and well-being. This is demonstrated by the variety of clinical abnormalities that result from folate deficiency (e.g., megaloblastic anemia, growth retardation, and neurological disorders) (7, 15, 17, 26) and by the health benefits attained by optimizing folate body homeostasis [e.g., prevention of neural tube defects and omphalocele and reduction in the risk of cardiovascular disease, colorectal cancer, stroke, and Alzheimer disease (3, 8, 9, 13, 18, 24, 41) ]. Folate deficiency is prevalent in underdeveloped countries, and in the Western Hemisphere it often occurs as a result of impairment in intestinal absorption due to intestinal diseases (e.g., inflammatory bowl disease and celiac disease), drug interactions, and chronic alcohol intake (11, 19, 20, 28, 50) . Folate deficiency has also been reported recently in hereditary folate malabsorption syndrome, a condition believed to be due to a defect(s) in the intestinal folate absorption process (35, 49) .
Mammals are not capable of de novo synthesis of folate and thus must obtain the vitamin from exogenous sources via absorption in the intestine. Therefore, the intestine plays a central role in the regulation of normal body folate homeostasis. Studies from our laboratory and others have shown that the intestinal folate uptake process occurs via an acidic pH-dependent and specific carrier-mediated process. The molecular identity of the systems involved in the intestinal uptake process has also been reported following the cloning of the folate transporters [reduced folate carrier (RFC) and proton coupled folate transporter (PCFT)] from a variety of human and mouse tissues (14, 31, 33, 35, 36, 40) . Both RFC and PCFT (the products of the SLC19A1 and SLC46A1 genes, respectively) are expressed in human and mouse intestinal epithelial cells and are involved in folate absorption (33, 35, 36, 39) . Previous studies have identified and characterized the 5Ј-regulatory region of the human SLC19A1 gene in intestinal epithelial cells, demonstrating that the intestinal folate uptake process is regulated (at least in part) by transcriptional regulatory mechanisms during folate deficiency and developmental maturation (4, 38, 43, 47) .
The normal function of intestinal epithelium depends on proper differentiation (maturation) of epithelial cells as they move from the crypt region to the villus tip along the cryptvillus axis. This differentiation event is associated with changes in the level of expression of many genes including those involved in nutrient transport (1, 10, 12, 16, 27, 29, 30, 32, 45, 48) . Upregulation has been observed for genes involved in the uptake of thiamine, ascorbic acid, and iron, whereas a decrease in the level of expression of the gene involved in glutamine uptake was reported (5, 12, 29, 32) . Little is currently known about the possible differentiation-dependent regulation of the intestinal folate uptake process and the mechanisms involved in any such regulation (10, 25, 39) . In the present study we used the cultured human intestinal epithelial Caco-2 cells, and native mouse crypt and villus cells as models to address these issues. Caco-2 cells were chosen because they differentiate spontaneously in culture upon reaching confluence to become enterocyte-like cells and have been widely used as a model in such types of investigations (5, 12, 29, 32, 44, 45, 48) . The results showed that the intestinal folate uptake process does indeed undergo clear differentiation-dependent regulation and that this regulation is mediated, at least in part, via transcriptional mechanism(s).
MATERIALS AND METHODS

Materials. [
3 H]folic acid (specific activity Ͼ20 Ci/mmol; radiochemical purity Ͼ98.0%) was obtained from Moravek Biochemicals (Brea, CA). Lipofectamine 2000 and TRIzol reagent were purchased from Life Technologies (Rockville, MD). DNA oligonucleotide primers were from Sigma Genosys (The Woodlands, TX). Laboratory chemicals, reagents, enzymes, and kits used in the present study were of analytical/molecular biology grade and were obtained from commercial vendors.
Cell culture and uptake assay. The human-derived intestinal epithelial Caco-2 cells (passages 20 to 33; American Type Culture Collection, Manassas, VA; these cells were derived from colorectal adenocarcinoma obtained from a 72-year-old Caucasian male) were grown in Dulbecco's modified Eagle's medium supplemented with 10% (vol/vol) fetal bovine serum, glutamine (0.29 g/l), sodium bicarbonate (2.2 g/l), penicillin (100,000 U/l), and streptomycin (10 mg/l). Caco-2 cells were plated at a density of 2 ϫ 10 5 cells/well onto collagen-coated 12-well plates. Uptake studies were performed on preconfluent (1 day after seeding), confluent (3 days after seeding when cells were visibly confluent), and postconfluent (3 days after confluence) monolayers of Caco-2 cells. [ 3 H]-folic acid uptake was measured at 37°C in Krebs-Ringer buffer as described previously (43) .
Isolation of mouse villus and crypt intestinal epithelial cells and uptake studies. Mouse villus and crypt intestinal epithelial cells were isolated as described by us previously (32, 39, 46) using a wellestablished fractionation procedure (34) . Briefly, we collected 10 consecutive fractions with most of the villus tip cells collected in fractions 1 and 2, while fractions 9 and 10 represented mostly crypt cells. We have previously established the relative purity of these fractions by means of marker enzymes [alkaline phosphatase and thymidine kinase for villus and crypt epithelial cells, respectively (32)]. [ 3 H]folic acid uptake by villus and crypt cells was measured as described previously (10, 32) using an established rapid-filtration technique (22) at 37°C in Krebs-Ringer buffer at pH 5.5. [
3 H]folic acid and/or unlabeled folic acid was added to the incubation buffer at the onset of incubation, and uptake was performed during the initial linear period of uptake assay (data not shown).
Quantitative real-time PCR. Quantitative real-time PCR (qPCR) was performed using the Bio-Rad iCycler (Hercules, CA) and a Qiagen Quantitect SYBR green PCR kit (Valencia, CA). The DNasetreated total RNA was prepared using TRIzol (Invitrogen, CA) from preconfluent, confluent, and postconfluent Caco-2 cells and from mouse jejunum villus and crypt cells. Total RNA (5 g) was reverse transcribed with oligo(dT) primers using the Superscript II kit (Life Technologies, Rockville, MD). Combinations of gene-specific primers corresponding to the PCR targets were synthesized using sequences given by the vendor (Bio-Rad) and are shown in Table 1 . The conditions for qPCR consisted of a 15-s 95°C melt followed by 40 cycles of 95°C melt for 30 s, 58°C annealing for 30 s, and 72°C extension and data collection for 1 min. Melt curve analysis was performed for the generation of standard curves, and negative controls without RT were used with every reaction. To determine the relative level of expression of the human RFC (hRFC) and human PCFT (hPCFT) in Caco-2 cells at different differentiation stages and that of the mouse RFC (mRFC) and mouse PCFT (mPCFT) in mouse intestinal villus/crypt cells, we used a calculation method provided by the iCycler manufacturer (Bio-Rad) as described previously (37) .
Western blot analysis. Western blot analysis was performed as described previously (38, 43) using polyclonal antibodies specifically designed for either hRFC, mRFC (Alpha Diagnostics, San Antonio, TX) or hPCFT/mPCFT (Abcam, Cambridge, MA) proteins. The membranous fractions were isolated from preconfluent, confluent, and postconfluent Caco-2 cells and villus/crypt cells using a previously described protocol (2, 32, 43) . Proteins (150 g) were resolved on SDS-PAGE and subjected to Western blot analysis as described previously (43) . Specific band densities were determined using the Eagle Eye II system (Stratagene, La Jolla, CA). Western blot analysis for ␤-actin was performed as a loading control as described previously (2) .
Generation of hPCFT full-length promoter constructs. The hPCFT promoter was cloned from 0.1 g human genomic DNA (Clontech, Mountain View, CA) and specific primers designed to amplify a ϳ2-kb fragment of DNA including up to the reported initiator ATG (Table 2 ). Sequences were obtained using the National Center for Biotechnology Information Entrez nucleotide database (accession no. NM 080669.2). Amplification was performed using 95°C melt for 5 min, followed by 35 cycles of 95°C melt for 30 s, 68°C annealing for 30 s, 72°C extension for 3 min, with a final 15-min extension at 72°C. Products were isolated and purified on a 0.7% agarose gel and using a Gene Clean II kit. The PCR product was subcloned into the TA vector (Promega, Madison, WI). The sequence was confirmed by Laragen (Los Angeles, CA) and submitted to GenBank (accession no. 1022187). A ϳ1.4-kb fragment, excised using NheI and XhoI, was subcloned into the promoterless pGL3-Basic vector (Promega) cut with Xba I and XhoI.
The hRFC promoter [i.e., promoter B (pB), the predominant promoter in the intestine (2, 40, 43) ] used in these investigations, fused with the luciferase reporter gene, hRFC-pB-luciferase, was obtained from Dr. Larry H. Matherly of Wayne State University School of Medicine, Detroit, MI (47) .
Transfection and reporter gene assay. The hRFC and hPCFT promoter-luciferase reporter constructs were transfected into Caco-2 cells grown in 12-well plates at less than 50% confluence with 2 g of each full-length construct and cotransfected with 100 ng of the transfection control plasmid Renilla luciferase-thymidine kinase (Promega). Transfection was performed with Lipofectamine 2000 reagent (Life Technologies) according to the manufacturer's instructions. Cells were then lysed the next day after transfection (preconfluence), at 2-3 days after transfection (confluence), or at 3 days after reaching confluence (postconfluence), and Renilla-normalized firefly luciferase activity was measured by using the Dual Luciferase Assay kit (Promega) and a Turner Design 20/20 luminometer (Sunnyvale, CA) (32, 43) . Data are presented as means Ϯ SE of at least three independent experiments and given as fold over pGL3-Basic expression set arbitrarily at one.
Immunofluorescence. Wild-type mice were killed by CO 2 inhalation followed by cervical dislocation, the abdomen was opened, and the intestine was removed and washed with PBS. The jejunum segment was immediately fixed in formalin or snap frozen, and thin 
RESULTS
Effect of differentiation on physiological and molecular parameters of folic acid uptake by Caco-2 cells. We investigated the effect of differentiation on the initial rate of carriermediated [ 3 H]folic acid (9 nM) uptake by Caco-2 cells. The results showed a progressive and significant increase in carriermediated folic acid uptake with differentiation, i.e., as the cells transitioned from preconfluent to (P Ͻ 0.01) confluent and then to (P Ͻ 0.05) postconfluent stages (Fig. 1) . We also examined the effect of differentiation on the protein level of hRFC and hPCFT, the two folate transporters that are expressed in human intestinal epithelial cells and participate in folate uptake (33, 35) . This was achieved by means of Western blot analysis using membranous fractions isolated from preconfluent, confluent, and postconfluent Caco-2 cells and specific polyclonal antibodies against the hRFC and the hPCFT proteins. The results (Fig. 2, A and D) showed a significant (P Ͻ 0.05) and progressive increase in the level of expression of the hRFC and the hPCFT proteins in Caco-2 cells with differentiation (data were normalized relative to ␤-actin). Specificities (in arbitrary units) for hRFC were 6.2 Ϯ 1.4, 16.2 Ϯ 2.9, and 27.8 Ϯ 2.9 and for hPCFT were 3.9 Ϯ 0.7, 8 Ϯ 1.1, and 16.8 Ϯ 2.2 in preconfluent, confluent, and postconfluent Caco-2 cells, respectively.
To determine whether differentiation also affects the mRNA levels of the hRFC and hPCFT, we performed qPCR. The results showed a significant increase in mRNA levels of both folate transporters during transition of the Caco-2 cells from preconfluent to confluent (P Ͻ 0.01) then to postconfluent (P Ͻ 0.05) stages (Fig. 2, B and E) .
The above described data suggest the possible involvement of a transcriptional regulatory mechanism(s) in the differentiation-dependent upregulation of carrier-mediated folate uptake in Caco-2 cells. To test for this possibility, we directly examined and compared the activity of the hRFC and hPCFT promoter-luciferase constructs during differentiation following their transient transfection into Caco-2 cells. Transfection was performed as described previously (32, 43) , and promoter activity was assayed in preconfluent, confluent, or postconfluent Caco-2 cells. For SLC19A1 (the gene that encodes the hRFC), we used full-length promoter B (hRFC pB) since this promoter is responsible for driving the expression of hRFC variant I, the predominant variant in the intestine (2, 40, 43) . For SLC46A1 (the gene that encodes the hPCFT), we cloned and sequenced a 1.4-kb fragment of the 5Ј-regulatory region of this gene that is proximal to the ATG start site (see MATERIALS AND METHODS). Computer analysis (TRANSFAC program; MatInspector; Genomatix) of this region suggested that it contains the promoter region with a typical TATA box and guanine-and cytosine-rich sites (indeed the cloned genomic fragment demonstrated marked promoter activity when transfected into confluent Caco-2 cells). The results showed a significant increase in the activity of hRFC and hPCFT promoters during transition of the Caco-2 cells from preconfluent to confluent (P Ͻ 0.01) then to postconfluent (P Ͻ 0.05) stages (Fig. 2, C and F) .
Physiological and molecular parameters of the folic acid uptake process in native mouse intestinal crypt and villus epithelial cells. To validate our results with the cultured intestinal epithelial cell line described above and to establish the physiological relevance of these findings, we extended our investigations into the native mouse intestine. For this we used freshly isolated mouse intestinal crypt and villus epithelial cells [isolated by an established procedure (22, 32, 39, 46) ] and studies that compared the initial rate of folic acid (9 nM) uptake. The results (Fig. 3) showed a significantly (P Ͻ 0.05; ϳ2-fold) higher carrier-mediated folic acid uptake in the differentiated/mature cells of the intestinal villus tip compared with those of the undifferentiated/immature crypt cells.
We also examined and compared the levels of mouse RFC and PCFT proteins in native mouse intestinal crypt and villus epithelial cells by means of Western blot analysis and immunofluorescence analysis [mouse intestine, like human intestine, expresses both RFC and PCFT systems (14, 31, 33, 35, 36) ]. Specific polyclonal antibodies against the mouse RFC and PCFT proteins were used in these studies. Results of the Western blot analysis (Fig. 4, A and C) showed the level of mRFC and mPCFT proteins to be significantly (P Ͻ 0.05 for both) higher in the differentiated cells of the villus tip compared with those of the undifferentiated crypt (data were Fig. 2 . Level of expression of human reduced folate carrier (hRFC) and human proton-coupled folate transporter (hPCFT) protein and mRNA as well as activity of the SLC19A1 and SLC46A1 promoters in preconfluent, confluent, and postconfluent Caco-2 cells. A and D: Western blot analysis was performed using membranous fraction (150 g) isolated from preconfluent, confluent, and postconfluent Caco-2 cells and specific anti-hRFC and anti-hPCFT polyclonal antibodies. Using an enhanced chemiluminescence kit (Amersham, Arlington Heights, IL), immunoreactive bands were detected as described in MATERIALS AND METHODS. B and E: quantitative real-time PCR was performed using hRFC (B) and hPCFT (E) gene-specific primers and total RNA (5 g) from preconfluent, confluent, and postconfluent Caco-2 cells. Real-time PCR was performed as described in MATERIALS AND METHODS. Data represent means Ϯ SE of at least 3 independent sets of experiments and were normalized relative to ␤-actin and calculated using a relative relationship method supplied by the iCycler manufacturer (Bio-Rad, Hercules, CA). Note that the level of expression of hRFC and hPCFT in preconfluent cells was set at 1 for each figure and the expression during differentiation is in relation to that level; therefore the results are not representative of the levels of hRFC compared with hPCFT (hPCFT mRNA expression is ϳ3-fold higher than hRFC at all 3 stages of differentiation). C and F: activity of full-length hRFC promoter B (C) and hPCFT promoters (F) in pGL3-Basic was determined following transient expression in preconfluent, confluent, and postconfluent Caco-2 cells. Luciferase activity was determined and normalized relative to the activity of simultaneously expressed Renilla luciferase as described in MATERIALS AND METHODS. The results are expressed relative to the PGL3-Basic vector set at 1. Data represent means Ϯ SE of at least 3 independent sets of determinations.
normalized relative to ␤-actin). Specific band densities (in arbitrary units) for mRFC were 4.5 Ϯ 0.8 and 12.5 Ϯ 2.9 and for mPCFT were 3.5 Ϯ 1.1 and 11.3 Ϯ 1.7 in intestinal crypt and villus epithelial cells, respectively. Intestinal sections for immunofluorescence analysis were prepared from mouse jejunum, with the results confirming the findings of the Western blot analysis by showing the level of expression of the mouse RFC and PCFT proteins to be more intense in the intestinal villus region compared with the crypt region (Fig. 5, A and B) [no staining was detected when the sections were incubated with secondary antibody alone (Fig. 5C)] .
To determine whether the levels of expression of RFC and PCFT messages in native mouse intestinal crypt and villus epithelial cells parallel the changes in functional and protein level data, we performed qPCR analysis using gene-specific primers and RNA isolated from these two cell populations. The results (Fig. 4, B and D) showed significantly (P Ͻ 0.01) higher mRFC and mPCFT mRNA levels in intestinal villus compared with crypt epithelial cells.
DISCUSSION
Intestinal differentiation is associated with changes in the levels of expression of a variety of genes including those involved in nutrient absorption (16, 29, 32) . Our aim in the present study was to investigate whether the intestinal folate uptake process undergoes differentiation-dependent regulation, and if so, to develop an understanding of the mechanism(s) involved in this type of regulation. Such investigations are of physiological importance since interference with normal intestinal differentiation processes may lead to impairment in the normal function of this vital organ. Also, results of such investigations may assist in the designing of effective strategies to enhance speedy recovery of intestinal damage that occurs (Table 1) and PCR conditions were used as previously described (32, 37) . Data represent means Ϯ SE of at least 3-8 separate determinations on cells isolated from 3-6 wild-type mice and were normalized relative to ␤-actin and calculated using a relative relationship method provided by a commercial vendor (Bio-Rad, Hercules, CA). Note that the level of expression of mRFC and mPCFT in crypt cells was set at 1 for each figure and the expression in villus is in relation to that level; therefore the results are not representative of the levels of mRFC compared with mPCFT (mPCFT mRNA expression is ϳ3-fold higher than mRFC at both crypt and villus stages).
under certain disease conditions and may prove insightful in understanding intestinal cancer biology. This is especially relevant in this case, since folate is essential for normal synthesis of DNA and RNA, and its derivative methotrexate is a widely used anti-tumor agent.
We used the human cultured intestinal epithelial Caco-2 cells in our investigations. These cells differentiate spontaneously in culture upon reaching confluence and have been widely used in such types of investigations (5, 12, 29, 32, 44, 45, 48) . We complemented our investigations with the cultured Caco-2 cell line with studies using native mouse intestine. Our results with Caco-2 cells showed that differentiation, i.e., transitioning of the cells from preconfluent to confluent and then to postconfluent stages, is associated with a significant increase in carrier-mediated folate uptake. This increase was associated with an increase in protein and mRNA levels of the two human folate transporter systems that are expressed and operate in the intestine, i.e., hRFC and hPCFT (33, 35) . The latter conclusion was based on findings with Western blot and qPCR analysis, respectively. These findings suggest the possible involvement of a transcriptional mechanism(s) in the differentiation-dependent regulation of the intestinal folate uptake process. To test for the latter possibility, we first cloned the SLC46A1 promoter and fused it to the luciferase reporter gene. We then tested the activity of this promoter and that of the SLC19A1 (hRFC) promoter in preconfluent, confluent, and postconfluent Caco-2 cells. The results showed activity of the hRFC and the hPCFT promoters to significantly increase as a function of cell differentiation (as the cells transition from preconfluent to confluent and then to postconfluent stages). These findings support the possibility that the differentiationdependent regulation of intestinal folate uptake process is mediated, at least in part, via a transcriptional mechanism(s). Obviously, this does not exclude the possibility that part of the effect is also mediated via changes in hRFC and hPCFT RNA stability; the latter issue is in need of further investigation. These results taken with data published previously on the other two members of this SLC19A family of transporters, i.e., the thiamine transporters 1 and 2 (SLC19A2 and SLC19A3, respectively), which were also upregulated by transcriptional mechanisms during differentiation, underscore commonalities shared between members of this family (32) . Further studies are needed to identify the cis-regulatory element(s) in the SLC19A1 and SLC46A1 promoters and the trans-acting factor(s) that mediate these effects.
The studies with native mouse intestine were performed to complement the findings with the cultured Caco-2 cell line so as to support the physiological relevance of the findings with the cell line system. Carrier-mediated folate uptake was found to be significantly higher in the mature differentiated cells of the mouse intestinal villus tip compared with those of the undifferentiated crypt. The higher uptake in villus compared with crypt cells was associated with a significantly higher protein level of the two mouse folate transporters, i.e., the mRFC and mPCFT (products of the slc19a1 and slc46a1 genes, orthologs of the human SLC19A1 and SLC46A1, respectively) (14, 36, 39) in the former compared with the latter cells. This was demonstrated by means of Western blot analysis and by immunofluorescence analysis. Furthermore, the level of the mRFC and mPCFT message was also found to be higher in villus compared with crypt epithelial cells by means of qPCR analysis. These findings are similar to those seen with the human intestinal epithelial Caco-2 cells and thus establish the physiological relevance to the findings with the cultured cell line. These data also suggest the possible involvement of a transcriptional mechanism(s) in mediating the differentiationdependent regulation of mouse intestinal folate uptake process.
In summary, the results of these investigations clearly demonstrate that differentiation of intestinal epithelial cells is associated with an upregulation in carrier-mediated folate uptake. The results also show that this upregulation is associated with an increase in the protein and mRNA levels of the folate transporters RFC and PCFT as well as in the activity of their promoters. The latter suggests the possible involvement of transcriptional mechanism(s) in this type of regulation in intestinal folate uptake.
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